cohort 159 (93, 256) vs. 125 (75, 186), p < 0.001; replication cohort 144 (82, 204) vs. 110 (61, 189), p = 0.024]. the association between the DQB1*03:02 allele (median ID 50 discovery cohort 152, p = 0.015; replication cohort 134, p = 0.010) and higher na titers was replicated. two Hla associations of comparable magnitudes were consistently found between DrB1*04:03 and DrB1*08:01 alleles and IFn-γ elIsPOt responses. the association between the DrB1*15:01 allele with IFn-γ secretion was also replicated (median pg/ml discovery cohort 182, p = 0.052; replication cohort 203, p = 0.014). Our results suggest that smallpox vaccine-induced adaptive immune responses are significantly influenced by Hla gene polymorphisms. these data provide information for functional studies and design of novel candidate smallpox vaccines.
Introduction
continues to be a topic of interest, specifically its use as a viral vaccine to prevent smallpox. vaCv is capable of eliciting robust, long-lasting humoral and cellular immune responses against a wide variety of orthopox viruses, including variola virus (smallpox) (amara et al. 2004; Bhanuprakash et al. 2012) . the nYCBH strain of vaCv was used to create the first smallpox vaccine in the late nineteenth century after undergoing several passages in heifers. after the eradication of smallpox in 1979 (Henderson 1998), a more modern vaCv vaccine, aCaM2000, was created by culturing a Dryvax-derived vaCv strain in vero cells (Osborne et al. 2007 ) and has since been used in vaccination efforts post-2008 . not only do current vaCv-based vaccines have the potential to protect the population against smallpox disease in the event of biological warfare, they could also be used to prevent potential disease caused by the Abstract We previously reported Hla allelic associations with vaccinia virus (vaCv)-induced adaptive immune responses in a cohort of healthy individuals (n = 1,071 subjects) after a single dose of the licensed smallpox (Dryvax) vaccine. this study demonstrated that specific Hla alleles were significantly associated with vaCv-induced neutralizing antibody (na) titers (Hla-B*13:02, *38:02, *44:03, *48:01, and Hla-DQB1*03:02, *06:04) and cytokine (Hla-DrB1*01:03, *03:01, *10:01, *13:01, *15:01) immune responses. We undertook an independent study of 1,053 healthy individuals and examined associations between Hla alleles and measures of adaptive immunity after a single dose of Dryvax-derived aCaM2000 vaccine to evaluate previously discovered Hla allelic associations from the Dryvax study and determine if these associations are replicated with aCaM2000. Females had significantly higher na titers than male subjects in both study cohorts [median ID50 discovery 1 3 emergence of new infectious orthopox viruses (verardi et al. 2012; Walsh and Dolin 2011) .
although vaCv was effective at eradicating smallpox (along with other public health interventions), it elicits varied immune responses between vaccinated individuals (Henderson 1998; Poland et al. 2007 ). these interindividual differences in immune responses to smallpox vaccine are partly explained by the genetic variability between vaccinated individuals, including polymorphisms in human leukocyte antigen (Hla) genes (Poland et al. 2007) . the major function of Hla molecules is to present vaCv antigens to t cells, thereby initiating adaptive immune responses. associations between humoral and cellular immune responses and Hla polymorphisms have already been demonstrated for a wide variety of other viral and bacterial vaccines, including measles, mumps, rubella, influenza, hepatitis B, and anthrax although the results of these studies have been varied, in part, due to the population allele frequencies or small numbers of study subjects (narwaney et al. 2013; Ovsyannikova et al. 2006; li et al. 2009; Ovsyannikova et al. 2013b; Pajewski et al. 2011) . In order to better understand the effectiveness and efficacy of vaCv smallpox vaccines within the population, it is necessary to identify the impact of Hla and nonHla immune-associated gene polymorphisms on adaptive immune responses to smallpox vaccine.
very few immunogenetic studies have been conducted on smallpox vaccine in regard to potential associations between Hla (de vries et al. 1977; Ovsyannikova et al. 2011 ) and non-Hla gene polymorphisms and immune responses to primary smallpox vaccine (Haralambieva et al. 2011; Kennedy et al. 2012; Ovsyannikova et al. 2012a Ovsyannikova et al. , b, 2013a . Our previous study identified several candidate Hla polymorphisms within a cohort of 1,071 healthy individuals that were associated with varied inter-individual humoral and cellular (cytokine) immune responses to smallpox (Dryvax) vaccine. these alleles included Hla-B (*13:02, *38:02, *44:03, *48:01) and Hla-DQB1 (*03:02, *06:04) when neutralizing antibody titers were used as the humoral immune measure, and Hla-DrB1 (*01:03, *03:01, *10:01, *13:01, *15:01) when IFn-γ elIsPOt assays were used as the cellular immune measure . although this information is highly valuable, replication studies are essential to validate the results of these findings.
to confirm the results of our initial study, we conducted a study on an independent cohort of 1,053 healthy individuals to examine associations between Hla alleles and measures of both humoral and cellular immune responses to smallpox (aCaM2000) vaccine. the aim of this study was to evaluate the significant associations identified in our earlier Dryvax study and replicate previously discovered associations between specific Hla class I and class II alleles and vaCv-induced neutralizing antibody titers and markers of cell-mediated vaCv immunity after aCaM2000 vaccination.
Methods
study subjects two cohorts of study subjects, previously described in our earlier work (Haralambieva et al. 2011; Kennedy et al. 2008; Ovsyannikova et al. 2011 Ovsyannikova et al. , 2013a , were also used for the current study (see table 1 [2002] [2003] [2004] [2005] [2006] . Of these 1,076 subjects, 1,071 met our inclusion and exclusion criteria and were used in this study. Briefly, study subjects were included if they developed a "take" after vaccination and if they were not enrolled in our previous smallpox vaccine immunogenetics study; study subjects were excluded from this study if they failed to develop a "take" after vaccination, were previously unexposed to smallpox, were under the age of 18 years old, or were pregnant, imprisoned, or institutionalized during sample collection.
We enrolled an additional 1,136 healthy subjects, between 19 and 40 years of age during 2010-2011, who were immunized with a single dose of a smallpox vaccine (aCaM2000, nYCBOH strain, acambis) between 2006 and 2010 (Us cohort, i.e., replication cohort). Of these 1,136 subjects, 1,053 provided a blood sample and met the above inclusion and exclusion criteria. the Institutional review Boards of the Mayo Clinic (rochester, Minnesota) and naval Health research Center (san Diego, California) granted permission for the study, and written informed consent was obtained before enrollment of each subject.
neutralizing antibody assay vaCv neutralizing antibody assay methods described herein are similar or identical to those published for our previous vaCv studies ( Kennedy et al. 2009; Ovsyannikova et al. 2011) . the neutralizing antibody assay was performed on the discovery cohort (n = 1,071) five years prior to that of replication cohort (n = 1,053); however, antibody measurements were performed using an identical protocol and assay conditions. In brief, antibody titers were measured using an optimized vaCv-specific neutralizing antibody assay, using β-galactosidase expressing vaCv, as previously described Manischewitz et al. 2003; Ovsyannikova et al. 2011) . results for each subject are reported as the serum dilution that inhibits 1 3 50 % of vaCv activity (ID 50 titer). each serum sample was tested in triplicate in the discovery cohort and in five replicates in the replication cohort. the average coefficient of variation for this assay was 6.9 % ).
IFn-γ elIsPOt assay enzyme-linked immunosorbent spot (elIsPOt) assays (r&D systems) were performed to measure total peripheral blood mononuclear cell (PBMC) IFn-γ and CD8α+ IFn-γ secretion, as previously reported (Ovsyannikova et al. , 2013a . elIsPOt assays on the discovery cohort (total PBMC IFn-γ elIsPOt, n = 1,058; CD8α+ IFn-γ elIsPOt, n = 1,002) were performed 6 years prior to that of replication cohort (total PBMC IFn-γ elIsPOt, n = 1,048; CD8α+ IFn-γ elIsPOt, n = 991). PBMCs were stimulated for 24 h with inactivated vaCv at a multiplicity of infection (MOI) of 5 and an MOI of 1 for the discovery and replication cohorts, respectively. these parameters were set based upon the results of optimization performed prior to each independent study. Outcomes are expressed as spot-forming cells (sFC) per 2 × 10 5 PBMCs. Plates were scanned, and spots were counted with an Immunospot s4 Pro-analyzer using Immunospot software, version 4.0 (Cellular technology). Intraclass correlations ranged between 0.60 (total PBMC IFn-γ elIsPOt) to 0.63 (CD8α+ IFn-γ elIsPOt).
Cytokine measurements enzyme-linked immunosorbent assays (elIsas) were performed in both cohorts, six years apart, to measure cytokine secretion from cell culture supernatants, as previously described (Ovsyannikova et al. , 2012a . In brief, PBMCs were plated at a concentration of 2 × 10 5 cells per well prior to stimulation with inactivated vaCv. Optimal assay parameters for the discovery cohort have been previously described . Conditions for viral stimulation in the replication cohort were optimized and are as follows: for IFn-α (n = 1,039) and IFn-γ (n = 1,039), the MOI was 0.05 (4 days); for Il-12p40 (n = 1,041), tnF-α (n = 1,041), and Il-1β (n = 1,041), the MOI was 0.5 (24 h); for Il-2 (n = 1,026), the MOI was 5 (24 h); and for Il-6 (n = 1,031), the MOI was 5 (8 days). the intraclass correlation coefficients for IFn-α, IFn-γ, Il-12p40, tnF-α, Il-1β, Il-2, and Il-6 measures of smallpox vaccine immunity were 0.42, 0.59, 0.65, 0.50, 0.75, 0.55, and 0.76, respectively.
Hla genotyping
Discovery cohort genotyping was performed by high-resolution PCr-ssP, as previously described . replication cohort Hla class I (a, B, and C) and class II (DrB1, DQa1, DQB1, DPa1, and DPB1) allele typing was performed using high-throughput, highfidelity genotyping with deep sequencing technology, which combines the advantage of long-range amplification with the power of high-throughput Illumina sequencing platforms, developed at the stanford Genome technology Center (Dr. Michael Mindrinos, stanford school of Medicine, Palo alto, Ca) (Wang et al. 2012 ).
statistical methods
Demographic and immune outcome variables were summarized within cohorts utilizing similar methods to those published in our previous Hla studies (Ovsyannikova et al. 2009 ; counts and percentages for categorical variables and medians and 25th and 75th percentiles for quantitative variables. the difference between the median values from the stimulated and unstimulated replicate values was calculated prior to summarizing the immune response outcomes measured from smallpox virus-stimulated and unstimulated cells (elIsa-and elIsPOt-based assays). Chi square and Kruskal-Wallis tests were conducted to investigate differences between cohorts for categorical and quantitative features, respectively. the logarithm of the ID 50 was used as the response variable, and van der Waerden normal scores of the elIsa and elIsPOt outcomes were used as the responses in the analyses to ensure that the data conformed to statistical assumptions.
linear regression models were used to test for Hla associations with the log-transformed ID 50 values, and linear mixed effects models were used to test for Hla associations with the inverse normal-transformed results from the other assays. all analyses were performed while adjusting for assay batch, gender, age at blood draw, time from vaccination to blood draw, and the first three eigenvectors from the principal component analysis conducted to quantify fine-scale genetic differences among individuals. the age and time variables were categorized into quartiles prior to analysis. In the linear mixed effects models, all of the repeated stimulated and unstimulated results were included in a single model, and the multiple measures per subject were accounted for by estimating the covariances among measurements within an individual using an unstructured covariance matrix. For all of the immune response measures, global models were first performed to assess the significance of the association between each Hla locus and each of the immune outcomes in the discovery cohort. these global models were followed by additional models, which individually tested the association between the dosage of each Hla four-digit allele and the immune outcomes. Because of the high heterozygosity in the Hla loci, we opted to set our level of significance at p < 0.10. a parallel series of analyses were conducted in the replication cohort to test for associations within Hla loci following global locus-level tests of association.
Results
Characteristics of study cohorts table 1 lists demographic characteristics of the discovery (n = 1,071) and replication (n = 1,053) study cohorts. Principal component analysis was utilized to determine racial groupings. the analysis revealed a significant difference (p < 0.0001) between the study cohorts in terms of gender, race, ethnicity, and time since smallpox vaccination. Median ID 50 (IQr) vaccinia-specific antibody titers for the two cohorts were 132.6 (78.8, 206.5) and 113.5 (63.0, 190.4) (table 2) . Female subjects had significantly higher neutralizing antibody titers than male subjects [median ID50 discovery cohort 159 (93, 256) vs. 125 (75, 186) , p < 0.001; replication cohort 144 (82, 204) vs. 110 (61, 189) , p = 0.024]. total PBMC IFn-γ elIsPOt responses for the two cohorts were 52 (24-88) and 17 (5-37) sFC per 2 × 10 5 PBMCs. In the discovery cohort, male subjects had higher responses than female subjects [55 (27, 95) vs. 41 (17, 70) sFC per 2 × 10 5 PBMC, p < 0.001]; however, the observed difference in response [17 (5, 37) vs. 18 (5, 32), sFC per 2 × 10 5 PBMC, p = 0.29] in the replication cohort did not meet the designated threshold (p < 0.10) for significance. While no significant difference was observed between the two cohorts in IFn-γ secretion levels (p = 0.565), the discovery cohort had significantly higher neutralizing antibody titers, elIsPOt responses, and tnF-α secretion levels (p < 0.0001 for all outcomes) than the replication cohort (table 2).
associations of Hla alleles with immune response outcomes as previously described, we found Hla allele associations with variations in vaCv-induced humoral (neutralizing antibody) and cellular (total PBMC IFn-γ elIsPOt, CD8+ IFn-γ elIsPOt, Il-1β, Il-6, Il12p40, IFn-γ, and tnF-α) immune outcomes in 1,071 individuals (discovery cohort) following one dose of smallpox vaccine . table 3 shows the overall results for significant associations (p < 0.10) between Hla alleles and humoral immune response outcomes across each separate discovery and replication cohort. the association between the DQB1*03:02 allele (median ID50 discovery cohort 152.0, p = 0.015; replication cohort 134.4, p = 0.010) and higher neutralizing antibody titers was replicated. the B*40:02 allele (median ID50 discovery cohort 108.1, p = 0.119; replication cohort 91.5, p = 0.021) was approaching significance in its association with lower neutralizing antibody titers in both cohorts. two additional findings of interest were observed: DQB1*06:04 (median ID50 discovery cohort 151.4, p = 0.017; replication cohort 126.4, p = 0.166) and DQB1*06:09 (median ID50 discovery cohort 147.7, p = 0.148; replication cohort 169.7, p = 0.001) alleles may potentially be associated with higher neutralizing antibody titers, although statistical significance thresholds were not met.
apart from the associations with neutralizing antibody titers, there were three replicated, significant associations between Hla-DrB1 alleles and total PBMC IFn-γ elIsPOt responses (table 3) . specifically, the DrB1*04:03 allele was associated with lower elIsPOt responses in the discovery and replication cohorts (median sFC discovery cohort 39, p = 0.094; replication cohort 12, p = 0.047). the DrB1*08:01 allele (median sFC discovery cohort 61, p = 0.085; replication cohort 20, p = 0.056) was associated with higher elIsPOt responses in both the discovery and replication cohorts. notably, the association between the DrB1*15:01 allele with IFn-γ elIsPOt responses (median sFC discovery cohort 50, p = 0.016; replication cohort 18, p = 0.007) and with secreted IFn-γ production was also replicated (median pg/ml discovery cohort 181.7, p = 0.052; replication cohort 203.0, p = 0.014). However, the association observed between the Hla-DrB1*15:01 allele and IFn-γ elIsPOt responses, while found in both discovery and replication cohorts, was in the opposite direction. likewise, the association found between the Hla-a*34:02 allele and Il-12p40 production was in the opposite direction.
We further examined in an exploratory manner the degree to which individual allelic associations agreed between the discovery and replication cohorts. the results for the individual alleles with potential association (p value < 0.10) were found in either of the two cohorts for neutralizing antibody titers, for elIsPOt (total PBMC IFn-γ elIsPOt and CD8α+ IFn-γ elIsPOt) responses, and for cytokine (Il-6, IFn-γ, Il-12p40, tnF-α, and Il-1β) secretion, including alleles in the following loci: Hla-a, Hla-B, Hla-C, Hla-DQa1, Hla-DrB1, and Hla-DPB1. these alleles are displayed in supplemental table 1.
Discussion
It is crucial to understand the genetic basis of smallpox vaccine-induced humoral and cellular immunity i to understand vaccine-induced immunity and to aid in the design of new candidate smallpox vaccines. One important step toward this is the validation of genetic associations through replication studies. the purpose of our study focused on replicating genetic associations previously identified in our discovery population-based smallpox vaccine study. Overall, we successfully replicated, with statistical significance, one allelic association (DQB1*03:02) with vaCvspecific neutralizing antibody titers, two allelic associations (DrB1*04:03 and DrB1*08:01) with total PBMC IFn-γ elIsPOt responses, and one allelic association (DrB1*15:01) with IFn-γ secretion. the association of Hla-DrB1*15:01 and Hla-a*34:02 alleles with IFn-γ elIsPOt responses and Il-12p40 secretion, respectively, while found in both cohorts, was in the opposite direction. In addition, four other alleles, with allelic p values between 0.10 and 0.20, were identified as being worthy of additional follow-up because their global locus p values were less than 0.10 when tested for association with neutralizing antibody titers. these alleles included Hla-B*40:02, Hla-DQB1*03:01, *06:04, and *06:09. Further, one allelic association (DQB1*06:02) with IFn-γ secretion was similarly deemed to be worthy of further investigation. the association between the DQB1*03:02 allele and higher neutralizing antibody titers was successfully replicated in this study, suggesting a role of the DQB1*03:02 molecule in the regulation of antibody response to smallpox vaccine. the influence of the DQB1*03 allele was also observed at the haplotype level, where analysis demonstrated a significant association between the DrB1*04-DQB1*03-DPB1*03 haplotype and rubella vaccineinduced antibody responses in two separate cohorts of healthy children (Ovsyannikova et al. 2009 ). With regard to the immune response to vaCv, strong and robust humoral (antibody) responses are dependent on t cell help. antigen presenting cells (aPC) process and present vaCv proteins to CD4+ and CD8+ t helper cells, which undergo activation, differentiation, clonal expansion, and effector functions. Help for B cells is provided by CD4 th2 cells through co-stimulatory signals with CD40l and production of th2-type cytokines . th1 cells, on the other hand, secret IFn-γ, Il-2, and tnF-α cytokines that are critical for driving cytotoxic t lymphocyte (Ctl) activity. the dependence of vaCv neutralizing antibody responses on t cell help will be important for future studies of the functional effects of replicated Hla (DQB1*03:02) polymorphisms on hematopoietic cells, including B cells.
Our data show clear evidence of an association between several Hla class II DrB1 alleles with vaCv-specific cellular responses. the association of DrB1*04:03 and DrB1*08:01 alleles with lower and higher vacciniaspecific IFn-γ elIsPOt responses, respectively, was observed in both cohorts. this finding suggests a possible effect of the DrB1 alleles in the development of adaptive cellular immune responses to vaCv. likewise, the role of Hla class II (DrB1)-restricted CD4+ t cell long-term memory responses against poxviruses induced by vaccination or infection was recently demonstrated (Calvo-Calle et al. 2007; Kennedy and Poland 2010; Wang et al. 2009 ). Interestingly, the Hla-DrB1*08 allele has been associated with differential antibody responses to other vaccines, including measles vaccine (Ovsyannikova et al. 2004) . Consistent with the above finding, the HlaDrB1*08 (DrB1*08:04) allele was reported to be associated with hepatitis B vaccine responder phenotype in young Hispanics (li et al. 2009) . the difference in effect of these DrB1*04:03 and DrB1*08:01 alleles on vaccine immune response outcome may be due to differences in vaccine antigens (such as vaccinia, measles, hepatitis B) and, hence, viral-specific antigen processing and presentation. Functional studies that seek to understand the immunologic consequences of antigen presentation by different Hla allelic variants are underway.
Of particular interest is the Hla-DrB1 allele *15:01, which was associated in the discovery cohort with decreased numbers of IFn-γ producing cells assayed by elIsPOt, and significantly decreased production of IFn-γ. similarly, a study of measles vaccine suggested that the DrB1*15:01 allele was associated with measles vaccine virus-induced IFn-γ secretion (Ovsyannikova et al. 2005 ). a study of 346 children reported an association of the specific DrB1*15/16-DQB1*06-DPB1*03 haplotype with higher IgG antibody titers to measles vaccine; on the other hand, the same DrB1*15/16-DQB1*06-DPB1*03 haplotype was associated with lower IgG titers to rubella vaccine (Ovsyannikova et al. 2006) . the Hla-DrB1*15:01 allele has also been associated with susceptibility to HIv infection (i.e., Hla-B40-DrB1*15:01 haplotype) (raghavan et al. 2009 ), survival of Mycobacterium tuberculosis in human macrophages (singh et al. 2013) , and susceptibility to HPv16 infection-related Kazakh esophageal squamous cell carcinoma (Hu et al. 2012) . Because each Hla class II molecule presents a slightly different assortment of peptides to CD4+ t cells, it is likely that epitopes within this DrB1*15:01-restricted repertoire contribute to the observed immune profiles. One way to test this hypothesis would be to use vaCv to stimulate PBMCs from individuals who carry or do not carry the Hla-DrB1*15:01 allele, and do so in the presence and absence of antibodies that block antigen presentation by the Hla-DrB1*15:01 allele. the cytokine secretion patterns of responding t cells can then be analyzed to examine differences in immune profiles in the presence and absence of Hla-DrB1*15:01-restricted responses. thus, functional studies are necessary to validate the involvement of specific host genetic polymorphisms in the control of immune responses to vaCv and other viruses.
to better understand these replicated Hla associations, it is important to note the differences and similarities between the two cohorts used in this study. although both cohorts were primarily comprised of male subjects, the discovery cohort contained a larger percentage of females than the replication cohort, causing the two cohorts to differ in terms of gender. additionally, the discovery cohort contained a higher percentage of african-american and Hispanic subjects than the replication cohort, while less were genetically identified as Caucasian in the discovery cohort than in the replication cohort, causing the two cohorts to be racially distinct. However, the cohorts also differed in their phenotypic responses to smallpox vaccine in all immune measures (ID 50 , total IFn-γ elIsPOt, CD8+ IFn-γ elIsPOt, , except IFn-γ secretion.
Data from this study also show gender differences in humoral immune response to smallpox vaccine. Female subjects, in both the discovery and replication cohorts, had significantly higher vaCv-specific neutralizing antibody titers than male subjects. these findings are consistent with data regarding gender and humoral immune response to other vaccines, including influenza vaccine, measles/ mumps/rubella vaccine, and hepatitis a and B vaccines (Green et al. 1994; Haralambieva et al. 2013; Klein et al. 2010) . additionally, in the discovery cohort, we observed significantly higher cellular (total PBMC IFn-γ elIsPOt) responses in male subjects, consistent with data regarding ra27/3 rubella vaccine and gender (Mitchell 1999) . However, these observed gender differences were not significant in the replication cohort and may be due to the smaller proportion of female subjects included in the replication cohort. Gender differences in response to smallpox vaccine may be explained, in part, by sex steroids. Klein et al. (2010) suggests that by causing the differential production of chemokines and cytokines, sex hormones cause women to have higher th1, th2, and treg responses after vaccination than men. although data concerning gender and humoral response to vaccines were replicated in this study, further studies need to be conducted to determine whether a gender relationship exists for cellular immune responses to smallpox vaccine or not.
to our knowledge, our study is the first to replicate Hla associations found in our previous population-based smallpox vaccine study in a new cohort of smallpox-immunized subjects. these data suggest that both humoral and cellular (elIsPOt) immune responses to smallpox vaccine are genetically influenced by Hla genes and may have implications for future studies. the large cohort sizes used in this study allowed us to find associations that may have been less apparent if smaller study cohorts were used. However, future replication studies could enroll subjects with similar demographic backgrounds; this would allow us to better analyze associations between demographic data, immune response to smallpox vaccine, and Hla genotype. Despite the differences present between these two cohorts, we were still able to successfully replicate several Hla allelic associations, DQB1*03:02, DrB1*04:03, DrB1*08:01, and DrB1*15:01 (significant in both cohorts), suggesting that these alleles are associated with smallpox vaccineinduced immune responses. note that one of the alleles, DrB1*15:01, was associated with decreased IFn-γ secretion in both cohorts and was associated with opposite effects on total PBMC IFn-γ elIsPOt results in the two cohorts: a decrease of 2 sFC in the discovery cohort and an increase of 1 sFC in the replication cohort. the differences in total PBMC IFn-γ elIsPOt outcomes are quite small and may or may not be biologically significant.
We acknowledge potential limitations in our study, in particular the different composition of race, gender, and vaccine immune response outcomes between the two study cohorts. all subjects in the discovery cohort were vaccinated with smallpox Dryvax vaccine (prepared from calf lymph), and the study subjects in the replication cohort were vaccinated with smallpox aCaM2000 vaccine (propagated in vero cells). although both vaccines are originally from the nYCBH strain and exhibit similar immune responses (Frey et al. 2009) , there are differences between the two vaccines that may have impacted our study. Dryvax contains a polyclonal population of viruses that are genetically different from the single clone aCaM2000 virus (Osborne et al. 2007 ). Dryvax was grown on the skin of calves and may have contained additional adventitious agents that alter immunogenicity. Dryvax is more neurovirulent in animal models (Weltzin et al. 2003) . Dilution studies in both vaccinia-naïve and vaccinia-experienced subjects have demonstrated differences in vaccine takerates, (i.e., induction of a cutaneous reaction (artenstein et al. 2005; Frey et al. 2002) and, while both vaccines elicit a fourfold rise in neutralizing antibody titer in similar numbers of subjects, the titers in aCaM2000 recipients are ~40 % lower than those in the Dryvax recipients (Frey et al. 2009; Monath et al. 2004; nalca and Zumbrun 2010) . therefore, the vaccines are comparable and, in some aspects, quite similar, but they are not identical. these differences are likely to have an impact on individual immune responses to the vaccines. another concern is that Hla typing results used to analyze Hla allelic associations with smallpox vaccine-induced immunity outcomes were obtained for our two cohorts using two different molecular genotyping platforms. sequence-specific PCr (four-digit level resolution) was used for Hla typing in the discovery cohort, and sequencing that combines the advantage of long-range amplification and a unique genotyping algorithm (six-digit level resolution) (Wang et al. 2012 ) was utilized for Hla typing in the replication cohort. another potential limitation is that only individual Hla allelic association analyses were carried out. Hla allele distribution may be influenced by linkage disequilibrium and interactions between diverse Hla genes, other genes, and different snP-defined alleles that tag Hla alleles; thus, associations between vaCv-induced immune outcomes and haplotypes are needed in future studies. Despite these differences and limitations, we found several consistent associations between specific Hla alleles and vaCvinduced immune response outcomes.
In our studies of Hla associations with smallpox vaccine-specific immune measures, we enrolled participants from two distinct study cohorts. the discovery of consistent Hla associations between these two cohorts is a major strength of this effort. However, these cohorts differed somewhat on demographic features, and they also differed in their measured immune responses. It is possible that these observed differences might have reduced our ability to detect significant consistent associations between cohorts. It is also possible that the heterozygosity of the Hla loci, with potentially important alleles being observed in relatively few subjects, limited our statistical power to detect associations. Further work in larger cohorts would likely lead to the confirmation of additional alleles that play a role in immune responses induced by vaccination against smallpox.
In conclusion, we were able to successfully replicate several of our strongest Hla allelic associations from our previous study in an independent cohort of smallpox immunized subjects: DQB1*03:02, DrB1*04:03, DrB1*08:01, and DrB1*15:01. these results suggest that Hla class II alleles may contribute substantially to the smallpox vaccine-induced adaptive immunity. Understanding their precise effects on humoral and cellular immune responses to smallpox vaccine can aid in smallpox vaccine development in the future. these replication data provide the basis for functional studies of specific Hla variants found to be associated with inter-individual variability in smallpox vaccine-induced immune responses. 
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